The signaling mechanisms by which skeletal muscle electrical activity leads to changes in gene expression remain largely undefined. We have reported that myotubes depolarization induces calcium signals in cytosol and nucleus via inositol 1,4,5-trisphosphate (IP 3 ) and phosphorylation of both ERKs 1/2 and cAMP-response element-binding protein (CREB). We now describe the calcium dependence of P-CREB and P-ERKs induction and of the increases in early genes c-fos, c-jun and egr-1 mRNA. Increased phosphorylation and early genes activation were maintained in the absence of extracellular calcium, while the increase in intracellular calcium induced by caffeine could mimic the depolarization stimulus. Depolarization performed either in the presence of the IP 3 inhibitors 2-aminoethoxydiphenyl borate (2-APB) or xestospongin C or on cells loaded with BAPTA-AM, in which slow calcium signals were abolished, resulted in decreased activation of the early genes examined. Both early genes activation and CREB phosphorylation were inhibited by ERKs phosphorylation blockade. These data suggest a role for calcium in the transcription-related events that follow membrane depolarization in muscle cells.
INTRODUCTION
Skeletal muscle responds to exercise or to electrical stimuli with changes in gene expression at the level of structural proteins and energetic metabolism enzymes (19, 20, 27) . In recent years, a number of studies on the early signaling mechanisms that might link skeletal muscle activity to biochemical and gene regulatory responses have been reported (24,25). A major issue concerns the possible role of calcium on the early events that lead to changes in gene expression in muscle cells. In rat skeletal muscle cells in primary culture, decreased transcription of the nicotinic acetylcholine receptor subunit RNAs, was reported to occur after treatment with drugs that release calcium from the sarcoplasmic reticulum, thus arguing in favor of a role for intracellular calcium in activitydependent gene expression in skeletal muscle (3) . The effect of calcium influx through L-type channels induced by the agonist Bay K 8644 meanwhile, was found to reduce expression of the epsilon subunit of the nicotinic ACh receptor through post-transcriptional mechanisms (3) . The role of calcium has also been approached by treating cultured skeletal muscle cells with the calcium ionophore A23187. The increase in intracellular calcium following a prolonged exposure of primary culture to the ionophore, induces a change in myosin from fast to slow isoforms (15). In L69 myotubes, cytochrome c gene expression is activated by intracellular calcium increase resulting from a 48 h incubation with A23187 (10).
Although intracellular calcium in skeletal muscle cells has been thoroughly studied in relation to the fast process of muscle contraction, previous work in our laboratory has shown that the calcium increase in skeletal muscle cells induced by high K + depolarization, is a complex event involving at least two components (13, 14) . Following a very fast calcium transient related to excitationcontraction (E-C) coupling, there is a slower transient not related to contraction that lasts several seconds. While the first component is associated to the ryanodine receptor, the second is inhibited by compounds that interfere with the inositol 1,4,5-trisphosphate (IP 3 ) system suggesting that these signals are mediated by IP 3 receptors (7, 21) . The dihydropyridine receptor that functions in skeletal muscle as a voltage sensor and as such has a fundamental role in E-C coupling, is also a voltage sensor for IP 3 mediated slow calcium signals in muscle cells (4) .
We have determined that high K + -induced depolarization brings about the stimulation of phosphorylation of ERKs 1/2 and of the transcription factor cAMP-response element-binding protein CREB (21). Furthermore, we have found that both responses are inhibited when the slow signal is blocked (21). These results suggested a signaling system mediated by Ca 2+ and IP 3 that could be involved in regulation of gene expression in skeletal muscle. In the present work, this study has been extended by examining early genes that are up-regulated in skeletal muscle by either exercise or electrical stimulation (1, 5, 16, 17, 22) . Experiments were also performed to study the contribution of the ERK and other pathways to both CREB phosphorylation and to early genes activation. We have found that the slow calcium transients elicited by K + -depolarization of myotubes are involved in transient increases of the early genes c-fos, c-jun and egr-1 mRNA levels. 10 glucose). Depolarization was induced by changing to a medium containing 84 mM KCl while the sodium concentration was decreased proportionally to maintain the osmolarity of the solution.
When pharmacological inhibitors were used, cells were incubated in their presence for additional 30 min. All experiments were matched with vehicle-treated controls. Cells were never exposed to concentrations higher than 0.1% DMSO, and this concentration had no effect on responses of skeletal muscle cells. Both control and experimental cells were submitted to the same bath changes in order to discard differences by handling.
Western blot analysis. After treatment, cells were solubilized at 4° C in 0.1 mL of lysis buffer containing 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 5 mM Na 3 VO 4 , 20 mM NaF, 0.2 mM AEBSF, 1 mM benzamidine,10 ug/mL leupeptin, 1 µg/ mL aprotinin and 1µM pepstatin. After incubation on ice for 20 min, cells were scraped from the dishes, sonicated for 1 min and left on ice for 30 min. Nuclear and cellular debris were removed by microcentrifuge centrifugation at 17,000 x g for 20 min. In determining protein concentration of the supernatants, BSA was used as standard. Aliquots of lysates were suspended in Laemmli buffer, proteins were resolved in 10% SDS-polyacrilamide gels and transferred to nitrocellulose membranes. Primary antibody incubations using dilutions of 1:1000 (P-CREB), 1:750 (CREB), 1:2000 (P-ERKs or ERK2), were carried out at 4°C overnight. After incubation with HRP-conjugated secondary antibodies during 1.5 h, membranes were developed by enhanced chemiluminescence according to the manufacturers instructions. In order to correct for loading, the membranes were stripped and blotted for anti-ERK2 and for anti-CREB. After scanning the films, a densitometric analysis of the bands was performed with the Scion Image program from NIH.
Northern blot analysis. Total cellular RNA was isolated by the guanidinium isothiocyanate method (6) . Samples (15-20 ug) were electrophoresed on 1% agarose-formaldehyde gels , transferred by capillary blotting onto nylon membranes and immobilized by photocrosslinking. Blots were prehybridized 1 h at 42 º C in a buffer containing 50% deionized formamide, SSPE 5X SDS 1% and salmon sperm DNA 125ug /ml. Hybridizations with 1x 10 8 cpm/ml 32 P labeled cDNA probes were carried out at 42º C overnight in the same solution. Membranes were washed once with SSPE 2x/ SDS 0.1% solution for 5 min, once with SSPE 0.2x / SDS 0.1% for 5 min and twice with SSPE 0,1x / SDS 0,1% at 68 º C for 15 min before autoradiographic film exposure. After autoradiography, bands were quantified by densitometry using a NIH program. Ethidium bromide stain of gels before capillarity transfer and re-probing of blots with GADPH, confirmed the integrity of the RNA samples and documented equivalent loading of each lane in gels used for the analysis. 
Statistics.
Results are expressed as mean ± S.E., and the significance of differences was evaluated using Student's t test for paired data, or ANOVA followed by Dunnett's multiple comparison posttest.
RESULTS

mRNA levels of the early genes c-fos, c-jun and egr-1 in rat myotubes after depolarization.
Time dependence studies of c-fos, c-jun and egr-1 mRNA levels following the depolarization procedure, revealed a transient 2-fold increase that peaked about 15 min after treatment for the three mRNAs ( Fig.1 ). This increase was significant for all three early genes. c-fos and egr-1 mRNAs expression returned to basal levels after 60 min, c-jun mRNA level meanwhile, remained higher than basal at the end of this period. Calcium transients arising from skeletal muscle cells in primary culture exposed to high K + are normally independent of extracellular calcium (13). However, since calcium entry through either voltage-gated or store-operated channels is a possibility in these cells, it is important to assess whether in our experimental conditions calcium influx participates in the activation of ERKs, CREB and early genes. Experiments conducted under resting and depolarization conditions with medium containing 0.5 mM EGTA and no added calcium, showed that the effects of depolarization remained essentially the same in calcium-free conditions (Fig.5) . egr-1 mRNA levels were also increased by depolarization in the absence of extracellular calcium (not shown). 
Effect of increasing intracellular calcium with caffeine
Results obtained in BAPTA-AM loaded cells, indicated that cytosolic calcium has a role in the effects induced by the depolarization treatment. In order to pharmacologically increase intracellular calcium, myotubes were incubated with 10 mM caffeine. Exposure to caffeine resulted in stimulation of ERKs 1 / 2 phosphorylation (Fig. 6A) , of CREB phosphorylation (Fig.6B) , and of cfos and c-jun mRNA levels (Fig.6C) . In Fig.6C the results from 3 independent experiments of myotubes exposed to either caffeine or to high K + are shown. The mRNA levels were very similar in both conditions. In one additional experiment (triplicate), the effect of caffeine on egr-1 mRNA levels resulted also in an increase similar to that of c-fos and c-jun (not shown). In differentiated myotubes, caffeine generates long-lasting, massive calcium transients that give rise to propagated, slow calcium waves (9). In order to interpret the effects of caffeine, two questions must be answered. First, considering that caffeine normally acts through activation of ryanodine receptors, is the calcium pool involved in slow calcium signals also being depleted by caffeine?.
When myotubes were incubated with 1 µM thapsigargin, a slow calcium transient, product of calcium pump inhibition, could be seen in cells incubated in the absence of extracellular calcium (Fig.7A ). Under these conditions, caffeine did not elicit further calcium increase (Fig 7A) .
Thapsigargin alone did induce an increase in ERKs and CREB phosphorylation, but no further increase was evident upon treatment with both thapsigargin and caffeine ( Fig.7B and C) . In thapsigargin treated cells, high K + -induced depolarization did not elicit a calcium transient, neither
induced any increase in P-ERKS or P-CREB levels (not shown).
Fig7 around here
Second, does caffeine or calcium released by caffeine also activate IP 3 receptors?. We stimulated calcium release with caffeine in the presence of 2-APB, considering that in our system this compound inhibited the slow calcium component which is mediated by IP 3 receptor activation. P-CREB levels were examined in myotubes exposed to 10 mM caffeine for 1 min in the presence of mean ± S.E. values, expressed as percentage with reference to a normalized 100 % control, were 258.3 ± 27.4 in myotubes exposed to caffeine, and decreased to 135.3 ± 8.9 in myotubes exposed to caffeine and 2-APB (n = 3, P < 0.05).
Effect of MAP kinases inhibition on CREB phosphorylation and early genes activation.
Because depolarization of skeletal muscle cells in primary culture activates ERKs, the role of this kinase cascade on early gene expression and on CREB phosphorylation was evaluated. In order to study the role of the ERK signaling cascade, we used UO126, a specific MEK inhibitor described as a blocker of the phosphorylated and non-phosphorylated forms of MEK1 and MEK2 (8) .
10 µM UO126 completely blocked the increase in ERKs 1/2 phosphorylation (Fig.8A) . Basal PERKs levels were also decreased by prior exposure to UO126. As a consequence of this inhibition, P-CREB levels were diminished (Fig.8B ) to values ranging from 8 to 30% of controls as observed in four independent experiments. The c-fos, c-jun and egr-1 mRNA levels ( 
DISCUSSION
The present study gives further evidence for a link between membrane depolarization, the upregulation of c-fos, c-jun and egr-1 mRNA levels and P-ERKs and P-CREB levels, through a calcium and IP 3 mediated mechanism. We demonstrated that following stimulation, there is a rapid and transient increase in early genes expression, that ERKs are involved in this upregulation as well as in CREB phosphorylation increase, and that the effects of depolarization are critically dependent on calcium released from IP 3 -sensitive intracellular stores. We have used cultured myotubes, which constitute a model system that has some of the elements of adult muscle fibers but it is also a model for developing muscle cells. Under this scope, the signals we are studying could be interpreted as relevant for muscle cell development and differentiation; confirmation of their presence and role in adult muscle fibers awaits for studies in a different system.
In recent years, several studies on the early signaling mechanisms that putatively link skeletal muscle activity to biochemical and gene regulatory responses have focused on early genes expression. Most of immediate early genes products are transcription factors that bind to promoter regulatory elements of a number of downstream genes, so they are likely to be involved in the adaptive responses induced by neural activity and contractile work in skeletal muscle. It has been shown that after exercise, human skeletal muscle up-regulates the expression of most members of the fos and jun gene families (22). Upon electrical stimulation of the motor nerve, c-fos, c-jun and egr-1 mRNAs increase in both rabbit and rat skeletal muscle (1, 5, 16, 17) . egr-1 has also been reported to increase in C2C12 cells either exposed to the calcium ionophore A23187, or to the cholinergic agonist carbachol (2) . The latter could be blocked by either ryanodine or dantrolene, indicating that calcium released from sarcoplasmic reticulum is involved.
The present data shows that depolarization of rat myotubes in primary culture, brings about a two- suggest that activated MAPKs, ERK 1/2 and p38, participate in both CREB phosphorylation and in early genes up-regulation.
We have previously described CREB phosphorylation after myotube depolarization (21). P-CREB interacts with consensus cAMP-response element (CRE) sequences located in the promoter region of many early genes, including c-fos and egr-1 (23,26), and of many specific genes as well. More than one pathway can activate CREB as shown in hippocampal neurons (28). A fast CaM kinase activity is involved in early signaling to CREB, whereas Ras/ERK is involved in the late phase of CREB phosphorylation (28). In our work, the MEK inhibitor UO126 was able to importantly inhibit P-CREB levels after depolarization, but other pathways can be involved as well. We have determined that inhibition of the CAMKs did not affect P-CREB levels, however, p38 inhibition partially decreased CREB phosphorylation. Interestingly, while fos/jun up-regulation could be decreased both by MEK or p38 inhibitors, only c-fos was affected by the CAMK inhibitor KN-93.
A sheme illustrating these findings is shown in Fig. 9. Fig. 9 around here. Signal transduction pathways can be highly complex, and the cross talk between pathways can take place at several levels from the membrane to the nucleus (12). Undoubtedly, our results present a partial view of all the signaling events taking place in the cell; the focus was placed on some pathways that have been shown to respond to either exercise in skeletal muscle or calcium in other excitable cells.
The evidence provided in this study do suggest an important role for activity induced slow intracellular calcium increase and underline the need of further studies on calcium-dependent early signaling mechanisms in skeletal muscle cells. for egr-1.
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* P < 0.05, ** P < 0.001, ANOVA followed by Dunnett's multiple comparison post-test. Relative fluorescence intensity from fluo-3 loaded myotubes. Fluorescence images of a rat myotube loaded with fluo-3 were obtained as described in Methods. A region of the cell was selected and fluorescence intensity was quantified using previously described software (7).
High potassium containing solution (47 mM) was perifused when indicated (arrow).
A: Myotube in control conditions; images were acquired every 232 ms. At least two major components are evident in the fluorescence signal, a fast signal (associated with E-C coupling) and a slow one linked to cytoplasmic and nuclear calcium increases.
B:
Myotubes incubated and treated in the same conditions described for A but using Oregon was added, a large calcium influx was apparent.
B: Rat myotubes were preincubated for 5 min in the absence of external calcium , (medium containing 0.5 mM EGTA). 1 µM TPG was added for 4 min followed by caffeine or vehicle during 1 min. The effect of caffeine was assessed incubating the myotubes for 1 min also in resting medium containing no calcium. ERKs phosphorylation or P-CREB levels were analyzed as described in Methods. Data are reported as ERKs phosphorylation or P-CREB immunoreactivity and the average fold increases (mean ± S.E.) over basal level is reported in the bar graphs (n= 3). 
